Chlorine is produced almost entirely by electrolytic methods, primarily from aqueous solutions of alkali metal chlorides. In the electrolysis of brines, chlorine is produced at the anode and hydrogen, together with an alkali metal hydroxide, such as sodium or potassium hydroxide, at the cathode. As the anode and cathode products must be kept separate, many cell designs have been developed. These designs have generally utilized either a diaphragm, or a mercury intermediate electrode to separate the anolyte and catholyte products.
In the diaphragm process, brine is fed continuously into the electrolytic cell and flows from the anode com partment through an asbestos diaphragm into the catho lyte compartment which contains, for example, an iron cathode. To minimize back-diffusion and migration, the flow rate is always such that only part of the salt is converted. The hydrogen ions are discharged from the solution at the cathode, forming hydrogen gas and leav ing hydroxyl ions. This catholyte solution, which con tains sodium hydroxide and unchanged sodium chlo ride, is evaporated to obtain the sodium hydroxide. In the course of the evaporation the sodium chloride pre cipitates, is separated, redissolved, and sent back into the electrolytic cell. The function of the diaphragm is to maintain the level of concentration of alkali, to mini mize the diffusional migration of hydroxyl ions into the anolyte and to maintain separation of hydrogen and chlorine. The diaphragm should also have minimal electrical resistance.
In the mercury electrode process, the cation, after discharge, forms an alloy or analgam with mercury. The amalgam flows or is pumped to a separate chamber in which it is allowed to undergo galvanic reaction, most often with water, to form hydrogen and a compar atively strong sodium hydroxide solution containing almost no sodium chloride.
The diaphragm process is inherently cheaper than the mercury process, but as the former process does not provide chloride-free alkali, additional processing steps are necessary to purify and concentrate the alkali.
Substitution of an ion-exchange membrane material for the diaphragm has been proposed. Numerous mem brane materials have been suggested. For example, membranes are described in U.S. Pat. Nos. 2, 636, 851; 2, 967, 807; 3, 017, 338; and British Pat. Nos. 1, 184, 321 and 1, 199, 952. Such membranes are substantially impervious to hy draulic flow. During operation, brine is introduced into the anolyte compartment wherein chlorine is liberated. Then, in the case of a cation permselective membrane, sodium ions are transported across the membrane into the catholyte compartment. The concentration of the relatively pure caustic produced in the catholyte com partment is determined by the amount of water added to this compartment from an external source, and by mi gration of water, in the cell, i.e. osmosis and/or electro osmosis. While operation of a membrane cell has many theoretical advantages, its commercial application to the production of chlorine and caustic has been hin dered owing to the often erratic operating characteris tics of the cells. A number of disadvantages have been present when using these membranes, including a rela tively high electrical resistance, poor permselectivity As an alternative to asbestos diaphragms and imper meable ion exchange membranes, the industry has sought a suitable porous or microporous plastic dia phragm material. The principle involved consists of producing a thin electrically conductive chemically resistant plastic sheet material having the desired degree of porosity.
Numerous references may be found relating to such membrane materials. Mention may be made more par ticularly to the following patents which employ tech niques of compression preforming followed by fritting, or sintering, or techniques of coagulation of the mixture or the deposition of this mixture on a support, French Pat. No. 1,491,033, of Aug. 31, 1966, relates to a process for manufacturing porous diaphragms which consists of mixing a solid additive in particulate form into an aqueous dispersion of polytetrafluoroethyl ene in the presence of particulate inorganic fillers, coag ulating the dispersion, placing the resultant coagulum in sheet form, and removing the solid particulate additive from the sheet. 3,281,511, issued Oct. 25, 1966 , discloses preparing mi croporous polytetrafluoroethylene resin sheets by mix ing fine polytetrafluoroethylene powder with a carrier and a readily removable filler material, rolling the thus made dough with intermediate reorientation, so the particles are biaxially oriented. The solvent is then evaporated and the polytetrafluoroethylene is sintered at above its melting temperature, followed by removal of the filler by an appropriate solvent. The carrier mate rial is a readily vaporizable material such as a naphtha or petroleum distillate, such as Stoddard solvent, which is a standard petroleum distillate having a flash point not lower than 100 F, comprised largely of saturated hydrocarbons. U.S. Pat. No. 3,556,161, issued Jan. 19, 1971, relates to polytetrafluoroethylene sheet materials formed by the "slip-forming' process, comprising mixing polytet rafluoroethylene powder with a liquid such as kerosene, and then sequentially working the resultant composi tion by the application of concurrent compressive stress and shear stress, the sequence of operations being di rected so that the shear stress components are distrib 4,170,540 3 uted substantially biaxially, resulting in planar orienta tion in the resulting article. As is the case with the mate rial found by the process of U.S. Pat. No. 3,281,511, the sheet material formed is biaxially oriented, and of high tensile strength.
These and other well known techniques, in the case of membranes rich in polytetrafluoroethylene, have not been capable of producing membranes of satisfactory mechanical properties, i.e. proper porosity, and good wettability.
It is an object of the present invention to provide a novel and improved method of producing microporous separators suitable for electrolytic cells. It is also an object of the invention to provide an improved separa tor for use in chlor-alkali cells and fuel cells which has a low electrical resistance, and behaves like a porous medium, having a porosity greater than about 70 per cent, permitting both the passage of the current and the uniform flow of electrolyte from one compartment of a cell to another.
THE INVENTION
This invention relates to novel polymeric mem branes, or separators, the method of making such sepa rators, and the use thereof in electrochemical cells such as a diaphragm type or membrane type chlor-alkali cell.
The electrochemical cells in which the separator described herein to be used are similar to previously used cells, subject to the modifications required for the use of the specific separator. Generally, an enclosure is provided which is divided into catholyte and anolyte compartments by the separator material. In a chlor alkali diaphragm cell, the catholyte compartment con tains an appropriate cathode, generally a metallic mate rial, such as iron. The anolyte compartment contains a conductive electrolytically-active anode, such as graph ite, or more desirably, a metallic anode having an valve metal substrate, such as titanium, bearing a coating which contains a precious metal, precious metal oxide or other electrocatalytically active corrosion-resistant material or mixtures thereof. The anolyte compartment may be provided with an outlet for generated chlorine gas, an inlet for brine solution, and an outlet for de pleted brine. Similarly, the catholyte compartment may have outlets for liquid caustic and gaseous hydrogen products, and generally, an inlet through which water and/or sodium hydroxide solution may be initially fed. Multi compartment cells may be used which have one or more buffer compartments, and additional separator sheets. Cells may be of conventional diaphragm cell configuration, or, alternatively, may be of the filter press form, utilizing a plurality of individual frames of suitable material and construction.
In operation, direct current is passed between the electrodes, causing the generation of chlorine at the anode and the selective transport of hydrated sodium ions across the separator into the cathode compartment where they combine with hydroxyl ions formed at the cathode by electrolysis of water.
The improved separator of this invention is a micro porous polytetrafluoroethylene material. While other fluorocarbon materials may suitably be used, polytetra fluoroethylene has been found to have the most desired chemical inertness and electrical conductivity for the purpose of the present invention. Suitable fluorocarbon polymers include polytetrafluoroethylene, polytri fluoroethylene, polyvinylfluoride, polyvinylidenefluo ride, polychlorotrifluoroethylene, polyfluoroethylene 4. propylene, polyperfluoroalkoxyethylene, and copoly mers thereof. For simplicity of description, the specifi cation will refer to the preferred fluorocarbon polymer, polytetrafluoroethylene.
According to the present invention, a method of manufacturing a microporous diaphragm comprises preparing a dry blend of polytetrafluoroethylene pow der and a solid particulate additive. To this dry blend is added sufficient organic fluorosurfactant lubricant to aid in the blending of the polytetrafluoroethylene and the pore former, resulting in a heavy, wet feeling, lumpy powdery mass. This mixture is then put through a rolling mill, where the mixture is allowed to build up on one of the rolls, producing a single sheet having a doughy consistency. Alternatively, the mixture may be extruded, either in sheet form or as a cylinder, prior to milling. This sheet may then be further rolled to the desired thickness. The sheet material, after thinning, is sintered at a temperature above the crystalline melting point of the polytetrafluoroethylene, and after cooling, is subjected to leaching, during which the pore former is dissolved. This yields a microporous separator suit able for use in electrochemical cells.
The preferred lubricant material specified for the present invention is a nonionic fluorosurfactant material having a fluorocarbon chain, F3CCF2CF2 . . . Such fluorocarbon surfactants are organic in nature, but due to the presence of the fluorocarbon molecules have a tendency to orient at interfaces, and to lower surface tensions of solutions more readily than hydrocarbon surfactants. Such materials consequently have ex tremely good wetting action, corresponding to low surface tensions. Further, as a result of the fluorocarbon nature of the material, these fluorosurfactants have a high degree of chemical and thermal stability.
A preferred example of a suitable fluorocarbon sur factant is that marketed under the trademark "Zo nyl (R)' by DuPont. Zonyl(R) fluorosurfactants are available in a number of forms, including amphoteric and both anionic and cationic, as well as nonionic types, but the nonionic form has been found to be surprisingly superior. Such materials are provided in liquid form, with from 35 to 50% solids in an isopropyl/water dilu ent. The preferred specific material utilized in the pres ent invention is Zonyl(R) FSN, a nonionic fluorosur factant, identified as a fluoroalkyl poly (ethyleneoxy)
ethanol. Surprisingly, other varieties of nonionic and cationic, anionic, or amphoteric fluorosurfactants of this nature have been found to be less effective. The fluorosurfactant is present in small concentration, and is utilized to enhance blending of the polytetrafluoroeth ylene and the solid particulate additive, such as calcium carbonate, to achieve uniformity of blend and to enable ready milling and rolling of the polytetrafluoroethylene composition.
Prior art has cited the use of kerosene as an organic lubricant for similar techniques. Further, the prior art has taught the use of water as the lubricant material.
Kerosene has the disadvantage of being dispelled during milling, which introduces a hazard to the milling opera tion. It has also being found that the use of kerosene limits the amount of milling possible, since the sample becomes stiff and brittle after several passes. It has been found that kerosene does not wet polytetrafluoroethyl ene readily, which is also a negative factor relative to the use of water as a lubricant. The use of a nonionic organic fluorosurfactant lubricant, which wets polytet rafluoroethylene readily, gives the advantage of unlim 4,170,540 5 ited milling, enabling one to assure himself of total uni formity of the finished product. The fluorosurfactant, when used in correct proportions, is not dispelled dur ing milling, and does not create the hazardous milling conditions encountered with kerosene. It has been found that while using keorsene, a static charge builds up during milling and rolling operations. A discharge or spark caused by this static build-up could result in an explosion or rapid burning of the volatile kerosene. In the present invention the lubricant is added as an iso propanol-water solution containing up to 50% by weight of the surfactant, as previously indicated. It is also noted that the amount of lubricant required is rela tively low compared to techniques utilizing kerosene, comprising from 5 to 30 percent by weight of the total blend. Preferably, the lubricant comprises from 8 to 25 percent, and more preferably from 18 to 23. Lower percentages of lubricant may be utilized, but may result in more difficult working during subsequent rolling steps. Likewise, higher concentrations may be utilized, but may require provision for subsequent removal.
The solid particulate additive material may prefera bly be any which is substantially insoluble in water, but which can be removed by a suitable chemical or physi cal means which will not damage the polytetrafluoro ethylene, such as leaching with a mineral acid, e.g. hydrochloric or nitric acids, or by sublimation. Exem plative are starch, for example, maize starch and/or potato starch, or a water insoluble inorganic base or carbonate, such as calcium carbonate, collodial alu mina, metallic oxides, etc. Alternatively, water soluble additives may be utilized, such as sodium carbonate, sodium chloride, sodium borate, etc. However, when using such materials the water content of the lubricant should be minimized. Such materials should have a well defined particle size. There is preferably employed a calcium carbonate, formed of particles of an average diameter of between 6.5 and 150 microns. Generally, the additive has particle diameters substantially all of which are within the range of from about 1 to about 500 microns. It has been found that lower average particle diameters will result in increased porosity. The amount of additive utilized will depend on permeability or po rosity desired in the final separator. Thus, the weight ratio of pore former to polytetrafluoroethylene may be, for example, from about 10:1 to 1:1, and preferably from about 5:1 to 1:1. It is desired to obtain a porosity of greater than 70 percent, which with prior art techniques was difficult. However, with the present invention, it has been found, possible to readily obtain porosities greater than 70 percent, and even 80 percent without great difficulty.
The polytetrafluoroethylene may have a particle size range of from about 35 microns to about 500 microns or higher. Such material is available from E. I. DuPont de Nemours as, for example, Teflon (R)TFE-Fluorocarbon Resin 6A, or Teflon (RTFE-Fluorocarbon 7A. Surpris ingly, such low average particle sizes as 35 microns have been found suitable for the present calendering techniques, whereas such materials have previously been used only for molding processes.
In some cases, it may be desirable to incorporate other components in the blend which are not removed when the rolled sheet is treated to remove the particu cle size of, for example, less than 10 microns, and prefer ably less than 1 micron. It has been found that when utilizing a nonionic fluorosurfactant, in place of kero sene, that the polytetrafluoroethylene/particulate filler blend is much more readily rolled, and will form a sheet relatively quickly. Further, such material is readily milled, blending to uniformity within a relatively low number of passes through a mixer, such as V-blade mixer. After rolling the polytetrafluoroethylene/par ticulate filler blend to a sheet material, it has been found possible to reduce the number of additional rollings required to obtain a desired thickness. Further, whereas the prior art has suggested multiple rerollings of the sheet material with reorientation of 90° between succes sive rollings, it has been found that such reorientation and re-rolling may be limited without undue loss of tensile strength. It has been found that excessive reori entation and re-rolling, when utilizing fluorosurfactant lubricants, yields a greater pore size distribution, thus increasing the number of smaller pores, which yields lower efficiency in chlor-alkali cell application due to increased back migration. While the total number of voids is not significantly effected, the relative sizes of the pores are varied. Accordingly, the number of reori entation steps (i.e. repositioning of the sheet at a 90' angle between successive passes through the rollers)
should be limited, and in many instances one reorienta tion is sufficient to yield sufficient biaxial distribution of shear stresses to result in tensile strengths adequate for the proposed use of the sheet. Alternatively, tensile strengths may be improved by laminating or "sand wiching' a plurality of sheets together, in the manner of plywood.
Thus, in accordance with the present invention, it is possible to prepare a uniform blend of fluorocarbon resin and particulate filler in a limited number of blend ing operations, and to form such blend into a sheet of the desired thickness with a lower number of rolling operations than previously required. Further, the pro cess of the present invention enables the production of successive separators of uniform characteristics and properties, each having similar permeabilities. This is very necessary when using separators for electrolytic cells.
The invention is illustrated in the following examples, in which all parts and percentages are by weight. After addition of the nonionic fluorosurfactant, the blend was mixed for five minutes. The resulting mixture was then rolled between two rolls of a rubber mill. The material was rolled 23 times to achieve a final thickness of 26 to 27 mils thickness, in Example 1. For Example 2, the material was rolled 13 times to a thickness of 18 to 20 mils, while for Example 3 the material was rolled 25 4,170,540 thicknesses were dried in stepwise fashion at tempera tures from 100° C. to 250° C. progressively, to remove all of the volatile components of the kerosene and fluorosurfactant material. After drying thoroughly, the temperature was gradually increased to a temperature of from 340 to 360° C. to sinter the polytetrafluoroeth ylene particles. The sintering temperature was main tained for a period of from 90 to 210 minutes. After cooling, the sintered polytetrafluoroethylene sheet was then leached successively with a hydrochloric acid solution and with nitric acid solution to remove the calcium carbonate. After rinsing, and a series of leach ing and rinsing steps, the microporous polytetrafluoro ethylene separator was tested for porosity by mercury initial voltage for the cell was determined at 1.5 ASI gpl NaOH s and the indicated caustic strengths. The cell was oper ated, and the cell voltage determined at various times, and current efficiency calculated. The results of this experiment are illustrated in Table 2 . Additional membranes were prepared by the tech nique of Examples 1-3, utilizing a variety of different lubricants, as set forth in Table 4 The invention has been described in terms of specific embodiments as set forth in detail. Alternative embodi ments will be apparent to those skilled in the art in view of this disclosure, and accordingly such modifications are to be contemplated as within the spirit of the inven For comparison, the results are illustrated in Table 4 , 10 with previous Example 3, to demonstrate the unex-electrolytic cell separator, comprising the steps of: pected improvement obtained by the use of the specific nonionic fluorosurfactant Zonyl(R) FSN. a pore forming particulate additive; 2. The process of claim 1, wherein said fluorocarbon polymer is polytetrafluoroethylene.
3. The process of claim 2 wherein said material is formed into a sheet by passage between the rolls of a roll mill.
4. The process of claim 3 wherein said material is formed into a sheet by extrusion.
5. The process of claim 2, wherein the lubricant is fluoroalkyl poly(ethyleneoxy) ethanol.
6. The process of claim 2 wherein said lubricant is present in an amount of from about 5 to about 30 per cent by weight of the mixture.
7. The process of claim 6 wherein said particulate additive and said polymer are present in a weight ratio of from about 10:1 to about 1:1.
8. The process of claim 7 wherein said sheet material is subjected to no more than a single reorientation of 90' between two successive passages between rollers so as to increase biaxial tensile strength. 9. The process of claim 2 wherein said lubricant is present in an amount of from about 18 to about 23 per cent by weight of the mixture.
10. The process of claim 9 wherein said particulate additive and said polymer are present in a weight ratio of from about 5:1 to about 1:1.
11. The process of claim 2 wherein said sheet material is heated to a temperature of from about 100° C. to 12. The process of claim 2 wherein said polymer powder has an average particle size of less than 100 microns, . A
13. The process of claim 2 wherein the particulate additive is calcium carbonate.
14. The process of claim 12 wherein the particulate additive is removed by leaching with a mineral acid.
15. A chlor-alkali cell separator comprising a micro porous polytetrafluoroethylene sheet having high po rosity, said separator formed by blending a dry powder of polytetrafluoroethylene and a particulate pore form ing additive with a nonionic fluorosurfactant lubricant to a uniform mixture, forming the mixture into a sheet of the desired thickness by sequentially rolling and re rolling said mixture, drying the sheet to remove volatile 
